We report a photonic radio frequency (RF) self-interference cancellation (SIC) and harmonic down-conversion (HDC) scheme based on a dual-parallel dual-drive Mach-Zehnder modulator (DDMZM). The proposed scheme can eliminate the chromaticdispersion induced power fading (CDIP) effect and thus is very suitable for in-band full-duplex (IBFD) radio-over-fiber (ROF) system. The self-interference RF signal is directly cancelled in optical domain, which overcomes the electronics bottleneck limitation of electrical SIC. Moreover, the HDC allows us to use a cost-effective low frequency local oscillation (LO) source to down-convert a high-frequency RF signal into an intermediate frequency (IF) band. In addition, the harmonic odd-order single-sideband (SSB) down-conversion is naturally free from the CDIP effect. The proposed photonic SIC+HDC system is theoretically analyzed and experimentally verified.
Introduction
Radio-Over-Fiber (ROF) system based on in-band full-duplex (IBFD) technique has been widely investigated for its high spectral utilization. Compared with conventional time-division and frequencydivision duplex, IBFD doubles the efficiency of radio frequency (RF) spectra by transmitting and receiving signals simultaneously at the same frequency band [1] . Fig. 1 shows the schematic architecture of a one-to-multi IBFD system [2] , [3] . In central office (CO), an intermediate frequency (IF) signal is firstly converted to optical domain before transmission over optical fiber. In remote antenna units (RAUs), the IF signal is up-converted to different RF bands, such as C, X, Ku, K, Ka band . . . , and transmitted by the antennas. The transmitted and received antennas are co-site. Thus, the high power transmitted signal interferences with the in-band weak received signal, which is the so called self-interference. The self-interference signal is difficult to be eliminated by simply using an electrical filter due to the in-band operation [4] . So, a self-interference cancellation (SIC) sub-system is essential to remove the self-interference signal. Conventionally, the SIC of IBFD is implemented by duplicating the original transmitted signal as reference signal to cancel the self-interference signal. The key is that the reference signal and the interference signal are homologous. Initially, electrical SIC methods have been proposed to remove the interference signal [5] , [6] . However, the operation frequency and bandwidth are limited by the electronic bottleneck. A RF canceller that utilizes photonic components and fiber Bragg gratings to create a wideband vector modulator architecture with tunable time-delay taps has been reported to realize SIC [7] . Recently, optical SIC has become a hot topic due to its advantages of high operation frequency, wide working bandwidth, and flexible tunability. In [8] , two parallel Mach-Zehnder modulators (MZMs) are biased at opposite quadrature transmission points to realize SIC. Two directly modulated lasers or electro-absorption modulators (EAMs) combined with balanced photodetector (BPD) have also been used for self-interference subtraction [9] - [11] . Nevertheless, these approaches employed two separate optical paths which makes the system unstable and sensitive to environmental changes [8] - [11] . The SIC process in one path is more promising to improve the stability of the system, which has been reported based on a dual-drive Mach-Zehnder modulator (DDMZM) combined with a fiber bragg grating (FBG) or a polarization-dependent dualparallel Mach-Zehnder modulator (DPMZM) [12] , [13] . A photonic system based on a single DDMZM has also been reported to realize SIC [3] . By biasing the DDMZM at null point and adjusting the phase and time delay matches, the interference signal is cancelled. Actually, most of the reported photonic-based SIC approaches were only focused on the elimination of self-interference signals themselves [3] , [8] - [13] . For an IBFD ROF system, the RF signal up/down-conversion as well as the chromatic-dispersion induced power fading (CDIP), which are the typical issues, have rarely been considered. Although the harmonic down-conversion (HDC) has been reported previously, its application is mostly concentrated in the single-function system that implements frequency conversion [14] . Recently, a DSB-based photonic scheme has been reported to realize SIC and frequency down-conversion simultaneously, but it suffers severely from CDIP effect for high-frequency RF carrier and long-distance fiber transmission [15] . Besides, the frequency downconversion in [15] is based on the fundamental frequency tones which requires a high-frequency LO source. To the best of our knowledge, the cancellation of self-interference signal, elimination of CDIP effect, and down-conversion of signal of interest (SOI) using harmonic local oscillation (LO) signal at the same time has never been reported.
In this work, we propose a photonic scheme to simultaneously realize SIC, CDIP elimination, and harmonic down-conversion (HDC) using a dual-parallel DDMZM for IBFD system. The selfinterference signal is directly eliminated in optical domain, which overcomes the electronics bottleneck limitation of electrical SIC. The HDC is performed by beating one of the RF-modulated optical sideband with one LO-modulated high-order single optical sideband. Different from previous singlesideband (SSB) modulation approaches which are normally used to against CDIP effect [16] , we still use DSB modulation for RF signal, the CDIP effect is, however, automatically eliminated during the SSB-based HDC process. Our SSB-based HDC process releases the requirement of RF signal SSB modulation over a wide bandwidth, which is hard to be realize. The SSB modulation only needs to be performed at a single LO harmonic frequency in our scheme. Moreover, the HDC allows us to use a cost-effective low frequency LO source to down-convert a high-frequency RF signal to an IF band. The proposed approach is theoretically analyzed and verified by a proof-of-concept experiment.
Principle
The schematic diagram of the proposed SIC+HDC system is shown in Fig. 2(a) . The structure inside the dashed frame of Fig. 2(a) , which consists of a laser diode (LD), a dual-parallel DDMZM and an erbium doped fiber amplifier (EDFA), is the detail configuration of the corresponding SIC+HDC subsystem of Fig. 1 . The basic idea of our SIC scheme is to duplicate the original transmit signal (S t in Fig. 1 ) into the SIC system as reference signal (S r in Fig. 1 ), and then to subtract the interference signal (S i in Fig. 1 ) after adjusting the amplitude and phase of S r and S i precisely matched, that is essentially equivalent to an optical subtractor. In detail, a continuous wave (CW) optical signal emitted from the LD is coupled into a dual-parallel DDMZM which is a parent MZM with two sub-MZMs lying on each of its arms. The received signals by the antenna which have both SOI and self-interference signal S i are applied to the upper input of the up-MZM. In order to eliminate the self-interference signal S i , a reference signal S r , which is split from the RF signal transmitted by the antenna, is applied to the lower input of the up-MZM. For IBFD ROF system, in order to match the time delay and power between the S r and the S i , a tunable time delay line (TTDL, τ) and a tunable electrical attenuator (α) are cascaded at the lower input of the up-MZM. By biasing the up-MZM at null point, the interference signal can be cancelled in optical domain. For HDC, an electrical LO signal at a low frequency is sent to low-MZM to generate odd-order SSB modulated signal. When the output optical signal of the modulator is transmitted to CO through single-mode fiber (SMF) for photodetection, a down-converted IF signal is generated by beating the SOI optical sideband with one adjacent harmonic LO optical sideband. Besides, the SIC+HDC system is polarization insensitive, which is generic and beneficial for photonic integration. Fig. 2(b) shows the schematic optical spectra at points of A, B, and C in the SIC+HDC system, where a single-frequency sinusoidal tone is worked as the interference signal and the −3rd LO modulated optical sideband is used for harmonic down-conversion as an example.
The SIC and HDC process can be clearly understood by the following mathematical analysis. Firstly, the SOI and interference signal S i are applied to the upper-port of the up-MZM to converted into optical domain. By using Jacobi-Anger expansion and considering small-signal modulation (β SOI << 1, β i << 1, J 0 (β SOI ) 1, J 0 (β i ) 1, J 1 (β SOI ) << J 0 (β SOI ), J 1 (β i ) << J 0 (β i )), the optical signal at the upper path of the up-MZM can be expressed as
where ω 0 and E 0 are the angular frequency and amplitude of the optical carrier, ω m is the angular frequency of the SOI and interference signals, V SOI and V i are the amplitudes of SOI and interference signals, β SOI = πV SOI /V π and β i = πV i /V π are the corresponding modulation index, V π is the halfwave voltage of the sub-MZMs, θ(t) is the instantaneous phase information of the interference signal, J 0 and J 1 is the 0 and 1st-order Bessel function of the first kind. At the same time, a reference signal S r after passing through TTDL (τ) and electrical attenuation (α) is sent to the lower part of the up-MZM. Under small signal modulation, the optical signal from the lower part of the up-MZM can be expressed as
where V r and β r = πV r /V π V are the amplitudes and modulation index of the reference signals. By biasing the up-MZM at null point and under the condition of β i = β r and t = t'+τ, the optical field at the output of the up-MZM can be given by
It can be seen from Eq. (3) that the interference signal is perfectly cancelled out by the reference signal. Thus, the SIC can be directly done in optical domain, which is essentially equivalent to an optical substractor. It is worth noting that the SOI is modulated to the optical carrier using conventional DSB modulation scheme. It is well known that the DSB modulation suffers severely from CDIP effect. We are going to show that the CDIP effect can be well eliminated after the following HDC process, though the SOI is DSB modulated. Here, we consider a LO signal at a low frequency, ω LO , which is first applied to a 90°hybrid coupler and then sent to the low-MZM of the dual-parallel DDMZM as shown in Fig. 2(a) . By setting the low-MZM at quadrature point, the optical field at the output of low-MZM is written as
where ω LO and V LO are the angular frequency and amplitude of the LO signal, β LO = πV LO /V π is the modulation index of LO signal. Applying the Jacobi-Anger expansion to Eq. (4), we have
where J n is the n-order Bessel function of the first kind, and n is an integer. Specifically, Eq. (5) can be developed as
where l is an integer. It can be seen from Eq. (6) that the optical power of (4l + 3)-order sidebands is zero, such as −1st, +3rd, −5th and +7th-order sidebands. In this context, (4k + 1)-order SSB modulation of LO signal is realized, where k = −l − 1. For example, we can have +1st, −3rd, +5th and −7th-order SSB modulation, as shown in Fig. 2(b) .
Since the generated optical field in RAUs needs to be transmitted to CO, the chromatic dispersion of fiber introduces phase shift to the optical signals. We expand the propagation constant β in Taylor series, the phase shift introduced to optical signal at frequency ω can be expressed as
where z is the transmission distance, β d (ω 0 ), β d (ω 0 ) and β d (ω 0 ) are the zeroth-, first-and secondorder derivatives of β d . When the optical signals are detected by the PD, the HDC can be achieved by beating the SOI optical sideband with the adjacent SSB modulated LO signal, as shown in Fig. 2(b) . Therefore, the harmonic down-converted IF signal is expressed as
In Eq. (8), the θ +1 , θ −1 and θ 4k+1 are the dispersion-induced phase shifts of +1st, −1st, and (4k + 1)-order optical sidebands of the SOI carrier respectively, and are express as
Therefore, as illustrated in Eqs. (2) and (8), the interference signal is cancelled in optical domain, while the HDC is realized in electrical domain for our proposed SIC+HDC system. The functions of SIC and HDC can be simultaneously achieved in one experiment. Moreover, the CDIP effect is also naturally eliminated based on the SSB-based HDC.
As a comparison, the HDC process using a conventional DSB modulated LO signal is also analyzed. In this case, the harmonic down-converted IF signal is given by
where the θ +v and θ −v are the dispersion-induced phase shifts of +v-order and -v-order optical sidebands of the SOI carrier, and are written as
From Eqs. (8) and (10), it is apparent that the SSB-based SIC+HDC method is free from the CDIP effect, while the DSB-based SIC+HDC suffers from CDIP severely.
Experimental Results and Discussion
A proof-of-concept experiment based on the configuration shown in Fig. 2(a) was carried out. Firstly, we checked the SIC performance at a single frequency. In this experiment, the SOI was not added, only the interference signal was considered. A CW light centered at 1549.87 nm was emitted from a laser diode (LD). Unfortunately, due to dual-parallel DDMZM is not available in our lab, we used the combination of a dual-polarization DDMZM and a polarizer to achieve the same function in our proof-of-concept experiment. The dual-polarization DDMZM consists of two sub-MZMs at two orthogonally polarization states (x-MZM and y-MZM). After a cascaded 45°polarizer (Pol.), the two orthogonally polarized optical tones are combined to a same polarization, which is equivalent to a dual-parallel DDMZM. A K-band RF signal at 22 GHz was split into two parts by a 3-dB electrical splitter with insertion loss of 1.5 dB to realize power matching. One part served as the interference signal. The other part was used as a reference signal and sent to the lower arm of x-MZM. Two TTDLs with insertion loss of 1 dB are cascaded in the interference and reference paths to achieve delay matching. The TTDL can realize a total time delay of 111 ps for frequency range of 0-40 GHz with the minimum tuning resolution of 0.0417 ps. A low frequency LO signal at 7 GHz with power of 20 dBm was driven to the y-MZM to generate harmonic-order SSB modulated signals. In practice applications, the 20 dBm LO signal is easily obtained by using a conventional electrical amplifier, that is acceptable and achievable.
The measured optical spectra at the output of the modulator without and with the assistance of reference signal are shown in Figs. 3(a) and 3(b) , respectively. We measured the optical spectra at both x and y polarization states. At x polarization state, the interference signal is DSB modulated as shown in Fig. 3(a) . By properly adjusting the power and time delay of the reference signal, the optical power of the DSB modulated interference signal was suppressed by more than 20 dB as shown in Fig. 3(b) . It means that the interference signal is well suppressed at the optical domain. At y polarization state, an odd-order SSB modulation of LO signal can be clearly observed at +1st, −3rd, +5th, −7th-order sidebands. It should be noted that an optical filter can be cascaded after the EDFA, which can not only remove the useless LO-modulated optical sidebands, but also eliminate the amplified spontaneous emission noise of the EDFA.
By beating between the −3rd-order LO sideband and the SOI (as well as the interference signal at the same frequency) optical sideband in the PD, the SOI and the interference signals are down converted to an IF band of 1 GHz. A low-pass filter with a bandwidth of 1.5 GHz was attached after the PD. In this experiment, only the interference signal was considered. The measured electrical spectrum at around 1 GHz was shown in Fig. 3(c) , which indicated the interference signal was down-converted to IF band successfully. The down-converted interference signal at 1 GHz was suppressed by 36 dB, showing an excellent SIC performance. For a one-to-multi IBFD ROF system, the antennas at the RAUs work at different frequency bands. In order to show the tunability of our SIC scheme, we tuned the frequencies of the interference and LO signals to 34 and 11 GHz. By beating the interference signal sideband with the 3rd-order LO-modulated optical sideband, the SIC and HDC are implemented successfully. The measured electrical spectra at around 1 GHz without and with SIC are shown in Fig. 3(d) . A SIC of 34 dB was successfully achieved. It should be noted that it is also feasible to use the 5th-oder 7-GHz LO-modulated optical sideband to down convert the 34 GHz interference signal into an IF band of 1 GHz.
For a practical IBFD ROF system, the signal transmitted by the antenna is always a wideband RF signal, and next, we checked the SIC and HDC performance for wideband interference signal. A linearly chirped K-band RF signal centered at 22 GHz with a bandwidth of 200 MHz was used as the interference signal. A SOI was coupled with the interference signal this time. If the same signal as the interference signal is also selected to be the SOI, it will be difficult to distinguish whether the remaining signal is the un-eliminated interference signal or the desired SOI. Therefore, in order to observe the SIC performance and the desired SOI clearly, a single-frequency tone at the center frequency of the wideband interference signal was set to be the SOI. As shown in the dark blue line of Fig. 4(a) , the interference signal and SOI centered at 22 GHz were all down-converted to IF band of around 1 GHz using a LO of 7 GHz. The desired SOI was submerged in the wideband interference signal. Afterwards, with the assistance of reference signal, the wideband interference signals were suppressed, while the SOIs were kept unchanged. The residual interference signal shown in Fig. 4(a) was 22 dB lower than the desired SOI. Therefore, the SOI has been separated from the interference signal successfully. Moreover, since the frequency of the LO signal was 7 GHz and the recovered signals in Fig. 4(a) were centered at 1 GHz, there were no LO leakage in the recovered signal. For a Ka-band RF signals, the interference signal was also a linearly chirped RF signal at a center frequency of 34 GHz with a bandwidth of 200 MHz, while the SOI was a 34 GHz single-frequency signal, and the LO is chosen to be 11 GHz. Similarly, as can be seen from Fig. 4(b) that the SOI was successfully down-converted to 1 GHz bandwidth with a wideband reference signal suppression of 17 dB. Therefore, the SIC and HDC for the single-frequency and wideband interference signals are all demonstrated by the proof-of-concept experiments. In addition, for future experiments, it would be glad to offset the frequency of the SOI from the center of the wideband interference signal for the purpose of distinguishing the LO leakage, residual interference and desired SOI more clearly. It should be noticed that the difference between the SIC of IBFD system and our experiment is that the reference and interference signals in IBFD system are obtained by antennas and wireless channel instead of a microwave source, but that makes no limitations in principle. Therefore, we believe it is reasonable for us to demonstrate the SIC of IBFD system based on our proof-of-concept experiment.
In addition, we analyze the CDIP performance of the proposed SIC+HDC system. However, since the microwave signal generated in the PD is a down-converted IF signal whose frequency is different from the SOI, the power fading curve cannot be measured by a vector network analyzer (VNA) as traditional method does. Fig. 5 shows the simulated fiber transmission performance of the proposed approach. It should be noted that the horizontal axis of Fig. 5 is the inherent frequency of the SOI rather than the down-converted IF signal. Fig. 5(a) illustrates the power of down-converted IF signal versus the SOI frequency under different fiber transmissions of 0, 20, 40, 60, and 100 km. In this case, the SOI signal is not down-converted to IF band and serious CDIP effect can be clearly seen. As shown in Eq. 10, the CDIP of the down-converted DSB-based SIC method is related to the transmission distance and RF carrier frequency. Fig. 5(b) shows the simulated fiber transmission performance of the down-converted DSB-based SIC scheme. Although the CDIP is released, for long-fiber transmission over 50 km and high RF carrier frequency, the CDIP still degrades the performance of the link significantly. Actually, ROF systems over 50 km have been widely reported and is promising for future IBFD systems and radars [17] , [18] . Moreover, the W-band (75-110 GHz) mm-wave has also been used as RF carrier in many ROF systems [19] , [20] . Fortunately, for the proposed down-converted IF signal based on SSB modulation, both theoretical analysis (Eq. 8) and simulated power fading curve (Fig. 5(c) ) prove that the SSB-based HDC approach can eliminate the CDIP for various RF carrier frequency and various fiber transmission. Besides, the HDC of our work also allows us to use a cost-effective low frequency LO source to down-convert a high-frequency RF signal to an IF band. For the purpose of comparing the DSB-based and SSB-based HDC approaches, the power of the down-converted IF signal after long-haul fiber transmission needs to be measured under different frequency of SOI. Unfortunately, the fibers longer than 50 km are not available in our labs, so we cannot measure the corresponding experimental results and we have only verified the elimination of CDIP effect over fiber transmission by simulation. Actually, there are some other factors can affect the performance of results for practical applications, such as the SSB suppression ratio and the direct bias (DC) drift. As shown in Fig. 3 , the suppression ratios of the −1st, +3rd and −5th-order optical sidebands are more than 17, 20, and 14 dB respectively. The limited SSB suppression ratios will degrade the transmission performance of the SSB-based SIC+HDC link. Generally, the limited SSB suppression ratio is caused by the non-ideal extinction ratio of the MZM. Fortunately, many researchers have improved the structure and material of the modulator to achieve a higher extinction ratio (ER) [21] , [22] . The flatness of the 90°hybrid coupler is also affect the SSB suppression ratio. Moreover, the drift of the DC bias will also affect the performance of the CDIP elimination. Thus, a DC bias feedback controller might be required in real-world applications to stabilize the modulator biases.
It is worth noting that the maximum frequency of the RF signal is limited by the operational frequency ranges of the modulator and the 90°hybrid coupler used in our experiment. Moreover, the bandwidth of the RF signal (B, B > 0) is related to the frequency of the RF signal (f RF ) and LO signal (f LO ) as well as the order of the used LO-modulated optical sideband (4k + 1, k is an integer), which can be expressed as |4k + 1|f LO − f LO /2 < f RF − B/2 < f RF + B/2 < |4k + 1|f LO + f LO /2. Therefore, there is a balance between the f RF , B, f LO and k, which need to be selected carefully according to the practical applications.
Conclusions
In conclusion, we have demonstrated a photonic SIC+HDC scheme for IBFD system. By properly setting the dual-parallel DDMZM, the interference signal is cancelled directly in optical domain. Moreover, the HDC process brings us two benefits. One is the use of low frequency LO source to down-convert a high frequency SOI signal. The other is the elimination of CDIP effect after fiber transmission. We believe the comprehensive consideration of the SCI, the photonic downconversion, and the elimination of CDIP effect in our work is very promising for the IBFD RoF system.
